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Poxviruses encode their own type IB topoisomerases
(TopIBs), which release superhelical tension gener-
atedby replicationand transcriptionof their genomes.
To investigate the reaction catalyzed by viral TopIBs,
we have determined the structure of a variola virus
topoisomerase-DNA complex trapped as a vanadate
transition state mimic. The structure reveals how the
viral TopIB enzymes are likely to position the DNA
duplex for ligation following relaxation of supercoils
and identifies the sources of friction observed in
single-molecule experiments that argue against free
rotation.Thestructurealso identifiesaconformational
change in the leaving group sugar that must occur
prior to cleavage and reveals a mechanism for
promoting ligation following relaxation of supercoils
that involves an Asp-minor groove interaction. Over-
all, the new structural data support a common cata-
lytic mechanism for the TopIB superfamily but indi-
cate distinct methods for controlling duplex rotation
in the small versus large enzyme subfamilies.
INTRODUCTION
Topoisomerases release superhelical tension and decatenate
DNA in order to facilitate essential processes such as replication,
transcription, and recombination (Champoux, 2001; Wang,
1996). The type IB class of topoisomerases uses a nicking-
joining mechanism to release DNA supercoils that does not
utilize high-energy cofactors such as ATP. During this reaction,
a conserved tyrosine nucleophile attacks a DNA phosphodiester
to form a covalent 30-phosphotyrosine linkage and release a free
50-hydroxyl group. Supercoils are released in this covalent reac-
tion intermediate as the flanking DNA duplexes rotate about the
uncleaved strand at the site of the nick. Following rotation, the
cleavage reaction is run in reverse to ligate the broken strand
where the 50-hydroxyl group serves as the nucleophile and the
enzyme’s tyrosine hydroxyl group is released. This trans-esteri-
fication chemistry is identical to that used by the tyrosine recom-
binase family of site-specific recombination enzymes (Grindley
et al., 2006), which shares a similar catalytic domain architecture
with the type IB topoisomerases (Cheng et al., 1998).Structure 18, 127Human topoisomerase I is a well-studied example of a type IB
enzyme and is also the target of the anticancer drug camptothe-
cin, which binds tightly to the covalent intermediate of the topoi-
somerase reaction and inhibits religation of the nicked genome
(Leppard and Champoux, 2005). Poxviruses such as the variola
(smallpox) and vaccinia viruses also produce a type IB topoiso-
merase. At 33 kDa in size, the poxvirus enzymes are much
smaller than their 70 kDa cellular counterparts, making them
attractive model systems for studying the topoisomerase reac-
tion as well as potential drug targets to treat or prevent poxvirus
infections (Shuman, 1998). Thepoxvirus topoisomerases are also
unique for requiring a conserved core sequence 50-(T/C)CCTT-30
for activity,where specificity is usedboth in substratebindingand
in a sequence-dependent activation step that promotes cleavage
(Hwang et al., 1998, 1999; Shuman and Prescott, 1990).
The vaccinia virus topoisomerase has been the target of
extensive mutagenesis, biochemical, and biophysical studies
(Shuman, 1998). The variola virus topoisomerase (which differs
by only three amino acids from the vaccinia virus protein) has
also been well studied, including a detailed analysis of sequence
preferences in the regions flanking the core pentanucleotide
motif (Minkah et al., 2007). An analysis of TopIB cleavage sites
has revealed a distribution throughout the poxvirus genomes,
with a central clustering of sites observed only for the orthopox
viruses (Minkah et al., 2007). The poxvirus topoisomerases are
part of a broader family of small type IB enzymes, which includes
the topoisomerases from mimi virus and a number of eubacteria
(Benarroch et al., 2006; Krogh and Shuman, 2002a).
We recently reported the crystal structures of covalent and
noncovalent variola virus topoisomerase-DNA (referred to here
as vTopIB-DNA) complexes (Perry et al., 2006). These structures
were able to explain a great deal of the biochemical data that are
available for the poxvirus enzymes. In particular, the structural
models revealed the basis for sequence-specific binding and
a mechanism for activation of catalysis. However, one important
aspect of the poxvirus topoisomerase reaction that is not yet well
understood concerns the nature of TopIB-DNA contacts down-
stream of the cleavage site (colored in yellow in Figure 1) that
occur during the reaction pathway. Single-molecule experi-
ments for both the human and viral enzyme have indicated that
relaxation of supercoils does not occur by free rotation of the
nicked DNA duplex, but instead the enzyme provides a source
of friction that restricts rotation (Koster et al., 2005). These exper-
iments also indicated that relaxation of supercoils involves
multiple cleavage-rotation-ligation cycles, where20 supercoils–137, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 127
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Figure 1. Variola Virus TopIB-DNA-Vanadate Complex
(A) Overall structure of the complex. NTD, N-terminal domain; CTD, C-terminal
domain.
(B) Electron density within the active site following refinement. The density is
from a sA-weighted 2Fo  Fc map contoured at 1.2s.
(C) Sequence of the DNA duplex used to form the vTopIB-DNA-vanadate
complex with the core recognition/activation sequence shaded gray. The
vanadate linkage is indicated by ‘‘v,’’ with covalent attachment of Tyr274 indi-
cated. The numbering indicated is used throughout the text. In all panels, DNA
downstream of the cleavage site is colored yellow and the vanadium linkage is
highlighted in brown and red.
Figures 1A, 1B, 2A, 3, 5, and 6 were produced using PyMOL (DeLano, 2002).
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Topoisomerase-DNA Transition State Structureare released on average for each poxvirus TopIB reaction cycle.
Human TopIB has an elaborate protein architecture with struc-
tural elements poised to partially enclose the DNA duplex down-
stream of the cleavage site, providing a basis for understanding
how ‘‘controlled rotation’’ could occur within the enzyme (Stew-
art et al., 1998). In contrast, the poxvirus enzyme has very few
structural elements in this region, and it is less clear how the
downstream DNA duplex is restricted from rotating freely and
is guided into a position that promotes religation.
To address these questions, we have determined the 2.1 A˚
crystal structure of a variola virus TopIB-DNA complex with
intact duplex DNA segments flanking the active site of the
enzyme. Replacement of the scissile phosphate by a penta-
coordinated vanadium transition state mimic (Davies and Hol,
2004) was crucial to forming well-diffracting crystals. The struc-
ture provides a number of insights into the viral topoisomerase
reaction, including the nature and extent of downstream
contacts that are unique to the poxvirus enzymes, a network of
water molecules in the active site that links the catalytic tyrosine
to the O50 leaving group, an unusual sugar geometry that
requires a conformational change coupled to DNA cleavage,
and a novel aspartic acid-minor groove interaction that is unique
to the type IB topoisomerases and plays a role in positioning the
cleaved nucleoside for ligation.
RESULTS
Structure of a vTopIB-DNA Transition State Mimic
The DNA duplex used for crystallization was originally designed
as a 15-mer with 50-overhanging dC and dG residues on the top128 Structure 18, 127–137, January 13, 2010 ª2010 Elsevier Ltd All rand bottom strands, respectively (Figure 1), in order to promote
formation of an extended DNA duplex in the crystal lattice.
Although crystals of vTopIB-DNA complexes utilizing inactive
protein mutants (e.g., Y274F) were readily obtained with this
DNA, diffraction was limited to 3 A˚ and the regions of interest
in the C-terminal subdomain of the protein were poorly ordered.
To form a vanadate transition state mimic where the active site
tyrosine is covalently tethered to the DNA, a similar duplex was
assembled from three oligonucleotides where a nick is located
at the scissile phosphate position. After complex formation
with variola virus TopIB and addition of activated potassium
metavanadate, VO2
+ was incorporated into the site of the nick
and well-diffracting crystals could be grown with properties
shown in Table 1.
The structurewas determined bymolecular replacement using
a truncated vTopIB-DNAmodel (Perry et al., 2006) lacking active
site residues, residues 250–280, and all downstream DNA, and
refined to 2.1 A˚ resolution. A view of the overall structure is
shown in Figure 1A, and electron density within the enzyme
active site following refinement is shown in Figure 1B. All protein
and DNA residues are well defined in the structure. In the region
upstream of the cleavage site (base pairs +1 through +10 in
Figure 1C), the structure is nearly identical to the previously re-
ported noncovalent vTopIB-DNA complex, with a root-mean-
square deviation (rmsd) of 1.0 A˚ for protein and DNA atoms.
The differences present in the current structure are located in
the region immediately surrounding the active site of the enzyme
and in the region downstream of the cleavage site.
Downstream Contacts in the vTopIB-DNA Complex
The poxvirus topoisomerase contacts DNA downstream of the
cleavage site via four different structural motifs, shown in an
overall view in Figure 2A and schematically in Figure 2B. The
N-terminal domain interacts with the backbone of the uncleaved
strand through hydrogen bond and van derWaals contacts using
Lys35 and His39 side chains. These interactions were also
observed in the covalent and noncovalent vTopIB-DNA com-
plexes (Perry et al., 2006). A second source of contacts involves
Asp168, located in the conserved b turn that also delivers Lys167
to the active site. This interaction will be discussed in detail
below. The most extensive downstream contacts are provided
by the a9 and a10a helices.
Thea10ahelix is docked in themajor groove, contacting nucle-
otides 3 through 1 on the cleaved strand. Thr266 hydrogen
bonds to the 1/2 phosphate using its amide nitrogen and
side chain hydroxyl groups, Ile269 makes van der Waals contact
with the2Tbase and the1Asugar, andArg272makes apair of
hydrogen bonds, bridging between theO4groups of the2T and
3T bases. In addition, Lys271 reaches across the major groove
to interact with the 5/6 phosphate on the noncleaved strand.
Most of these interactions are likely to be present for all poxvirus
TopIB enzymes, based on strong conservation of the residues
involved (Figure 2C). The exception is Arg272,where amino acids
other than arginine are also found in the viral topoisomerases.
Interestingly, human TopIB becomes resistant to camptothecin
when the corresponding residue Leu721 is substituted by argi-
nine (Knab et al., 1993).
The sequence of the 3 to 1 region of the vTopIB target site
has been shown to have minimal effects on noncovalent bindingights reserved
Table 1. Crystallographic Data
Diffraction Data
Resolution (A˚) 2.1
Space group P42212
Unit cell (A˚) a = b = 104.0, c = 93.0
Mosaicity () 0.4
Completeness (%) 96.3 (98.5)
Rmerge 0.072 (0.523)
Total reflections 258,965
Unique reflections 27,692
I/s 21.5 (3.3)
Redundancy 9.4 (8.8)
Refinement
Rfree 0.244 (0.28)
Rwork 0.177 (0.20)
Number of atoms
Protein 2,587
DNA 656
Water 426
Average B factors (A˚2)
Protein 47
DNA 46
Water 27
Rmsd
Bond lengths (A˚) 0.02
Bond angles (o) 1.74
Values in parentheses refer to the highest resolution shell.
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(Hwang et al., 1998, 1999; Minkah et al., 2007; Shuman and Pre-
scott, 1990). These sequence preferences can be readily ex-
plained by the observed a10a contacts. In the cleaved strand
1 position, for example, T is strongly disfavored, but A, C,
and G are tolerated (Minkah et al., 2007). The 5-methyl group
of a 1T substitution would produce a severe steric clash with
the side chain of Ile269, whereas 1G would be expected to
be similar to1A, as observed in the current structure, and steric
effects introduced by 1C would be expected to be minimal. In
the 2 position, G is favored, A and T are tolerated, and C is
somewhat disfavored. Arg272 could interact strongly with 2G
(via hydrogen bonding to N7 and/or O6), productively with 2A
(via N7), and as observed in the current structure for 2T. A C
in the 2 position would not be expected to interact directly
with Arg272. Only small sequence preferences have been
observed in the 3 position, where a number of possibilities
may exist for bridging interactions with the 2 base.
Unfavorable major groove contacts in the 3 to 1 region
would most likely result in a shift in the position of the a10a helix.
Because Tyr274 is located at the C terminus of a10a, proper
positioning of this essential catalytic residue is clearly dependent
on proper docking of the helix in the adjacent major groove.
Thus, the sequence flanking the cleavage site could modulate
the efficiency of cleavage by altering the mode of interaction
with a10a. This sequence-dependent positioning is similar to
that observed for the a5 helix, whose docking in the upstreamStructure 18, 127major groove is essential for proper delivery of catalytic Arg130
to the active site (Perry et al., 2006). An additional role for a10a
may involve positioning of the downstream DNA helix for ligation
in the final step of the TopIB reaction cycle (discussed below).
As shown in Figure 2, the a9 helix contacts the DNA substrate
10 bp downstream of the cleavage site. These contacts could
not be reliably inferred from previous structural models of vTo-
pIB-DNA complexes, where there was no downstream DNA
duplex present. In order to visualize the a9-DNA contacts shown
in Figure 2, we examined the continuous DNA duplex in the
crystal lattice that results from Watson-Crick base pairing of
the complementary 50 overhangs on the ends of the 15-mer
duplex shown in Figure 1C. The duplex in Figure 1C includes
all of the vTopIB-DNA contact sites upstream of the cleavage
site (bp +1 to +9), but contains only five base pairs (1 to 5)
on the downstream side. However, the downstream flanking
DNA forms a continuous helix with a neighboring DNA molecule
in the crystal, effectively extending the amount of downstream
DNA that is available for interaction with the TopIB protein (see
Figure S1 available online).
The closest a9-DNA contact is made by Lys250, which
hydrogen bonds to the 10/11 phosphate. Lys249 is ideally
positioned to interact with the 6/7 phosphate on the non-
cleaved strand, which is missing in our structural model. This
residue instead is directed toward the 9/10 phosphate, as
shown in Figures 2Aand2B. Lys257 is located in a positionwhere
it could make close contact with the 7/8 phosphate on the
noncleaved strand, but in the current structure this side chain
adopts a position midway between the 7/8 and the 8/9
phosphates. Inspection of sequence alignments in this region
reveals that Lys249 and Lys250 are strongly conserved in the
poxvirus TopIB family and Lys257 ismost often lysine or arginine.
Because Lys249 and Lys250 play no obvious role in stabilizing
the protein structure, we suggest that the observed and inferred
a9-DNA interactions shown in Figure 2 are conserved among the
poxvirus TopIBs and that the interactions are likely to be function-
ally important. Although Lys257 could interact with downstream
DNA, this residue may also have a role in stabilizing helix a9 via
a salt bridge, as a conserved Asp/Glu is located one helical turn
away in the small TopIB proteins (Figure 2C).
The structure and sequence alignment further suggest that
Ala253 may lie in an important position in the a9 helix in variola
virus TopIB. The DNA backbone closely approaches this
residue, with a 4.3 A˚ distance to the 7 sugar on the uncleaved
strand. Residues in this position for the poxvirus TopIBs are
strongly biased for short-chained amino acids (Ala, Ser, Thr,
Val) that are well suited to make hydrogen bonding and/or van
der Waals contact with the sugar-phosphate backbone. The
lack of long-chain residues in this position (which would most
likely prevent a close DNA contact) further supports the idea
that a9-DNA interactions are functionally relevant. The full
contact surface of the vTopIB-DNA interface therefore extends
from 10 bp upstream of the cleavage site (a7-major groove inter-
action) to 11 base pairs downstream of the cleavage site (a9-
minor groove interaction), in good agreement with early DNaseI
footprinting studies (Shuman, 1991).
A comparison of the downstream contacts shown in Figure 2
with those observed in the TopIB-DNA complexes that have
been reported for human (hTopIB) and Leishmania donovani–137, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 129
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Figure 2. Downstream DNA Contacts
(A) View of the DNA downstream of the cleavage site with
interactions illustrated for a10a, a9, the amino-terminal
domain, and the b7-b8 loop. The a5 and a10a helices are
bound in adjacentmajor grooves flanking the cleavage site.
(B) Schematic of vTopIB-DNA contacts downstream of the
cleavage site. Dashed lines indicate hydrogen bonds and
solid lines indicate van der Waals contacts. The down-
stream DNA in (A) and (B) is colored yellow and includes
part of an adjacent duplex related by crystallographic
symmetry (see Figure S1).
(C) Sequence alignment of seven poxvirus TopIBs, one
bacterial TopIB, one human TopIB, and the two subunits
of trypanosomal TopIB in the a9-a10 region. Secondary
structure assignments are for variola virus TopIB. Protein
sequence GenBank accession numbers are Var: variola
(NP_042133); Swi: swinepox (NP_570234); Fow: fowlpox
(NP_039106); Mol: Mollescum contagiosum (NP_044038);
Ect: Ectromelia (NP_671606); Myx:Myxoma (NP_051788);
Cro: crocodilepox; Dr: Deinococcus radiodurans (NP_
294413); Hs: human (NP_003277); and LdL (AAF73185)/
LdS (ABW86320): large and small subunits of Leishmania
donovani, respectively. Conserved TopIB residues are
shaded yellow and residues likely to be involved in down-
stream contacts in the small TopIB enzymes are shaded
gray.
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Topoisomerase-DNA Transition State Structure(ldTopIB) topoisomerases (Davies et al., 2006; Redinbo et al.,
1998; Stewart et al., 1998) reveals some major differences in
the way that the enzymes interact with DNA downstream of the
cleavage site. The vTopIB and ldTopIB complexes with DNA
are compared in similar orientations in Figure 3. One difference
between the two complexes is that the a10a helix (viral TopIB
labeling scheme) does not contact bases in the major groove
in the larger topoisomerases. This helix is instead more loosely
associated with the backbone of the cleaved strand.
The secondmajor difference involves the relationship between
a9 and the downstreamDNA duplex. In the ldTopIB (and hTopIB)
complexes, there is a considerable distance between a9 and the
downstream DNA, whereas the two interact in the vTopIB
complex. One reason for this difference is that the a9 helices
have slightly different orientations in the two complexes. The
second reason is evident from a comparison of the panels in
Figure 3. The DNA is slightly bent in the vTopIB complex but
not in the ldTopIB complex. Normal vector analysis in FREEHE-
LIX (Dickerson, 1998) indicates a 15–20 bend between the
starting and ending segments of the duplex shown in
Figure 1C and a 35–40 bend between the start and end of130 Structure 18, 127–137, January 13, 2010 ª2010 Elsevier Ltd All rights reservedthe extended duplex shown in Figure 3A.
Together, DNA bending and an alternative a9
orientation lead to a scenario where the down-
stream duplex is able to dock via the minor
groove onto the N terminus of a9 in the vTopIB
system.
The primary sources of DNA bending in the
vTopIB-DNA complex are an opening of the
major groove within the core recognition
sequence and compression of the major groove
at the junction between symmetry-related
duplexes in the downstream segment. Thisresults in a negative roll angle of 8–10 for the +8/+9 and +9/
+10 base-pair steps within the core sequence, and a downward
trajectory for the helix in the view shown in Figure 3A. A number
of other small distortions in base-pair parameters within the core
sequence may also contribute to the observed bend.
Sequence alignments indicate that the conserved basic resi-
dues at the N terminus of a9 in the viral TopIB enzymes are not
present in the human or Leishmania enzymes (Figure 2C). Indeed,
the residue corresponding to Ala253 in vTopIB (which is a short-
chain amino acid for the small TopIBs) is asparagine in both of
the larger TopIB sequences. Interestingly, theDeinococcus radio-
durans topoisomerase (drTopIB) shares the conserved sequences
discussed above for the viral enzymes in a9 and in a10a. Like the
viral enzymes, the bacterial TopIBs are minimal topoisomerases
in termsof sequence lengthand therefore lack theadditional struc-
turalmotifs found in the large eukaryotic enzymes (Krogh andShu-
man, 2002a). The structure of 70kDahTopIBboundnoncovalently
to DNA reveals that the helical ‘‘nose-cone’’ and ‘‘linker’’ elements
are responsible for most of the downstream contacts in that
system (Stewart et al., 1998). Neither of these elements is present
in the poxvirus TopIB enzymes.
A B
Figure 3. Comparison of Variola Virus TopIB and L. donovani TopIB Transition State Mimic Complexes
The view orientations of the two complexes are identical with respect to the conserved active site residues. Protein regions that contact DNA downstream of the
cleavage site are colored green. In (A), the DNA is bent by 35–40, resulting in a trajectory that facilitates interaction with the N terminus of a9. Note the different
orientations of the a9 helix in the two complexes. The downstreamDNA in (A) and (B) is colored yellow, and in (A) the downstreamDNA includes part of an adjacent
duplex related by crystallographic symmetry (see Figure S1). The ldTopIB-DNA complex PDB ID code is 2B9S.
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Our original motivation for constructing a vanadate transition
statemimic was to obtain a vTopIB-DNA complex structure con-
taining a downstream DNA sequence with intact strands and
with well-ordered C-terminal domain structural elements.
However, the vTopIB-DNA complex described here is one of
the few structural examples of a penta-coordinated vanadium
linkage in the context of an intact DNA strand. The first reported
was the ldTopIB-DNA complex (Davies et al., 2006), which, as
described above, differs in some important ways from viral
TopIB in the region downstream of the cleavage site. We there-
fore compared the two structures in the active site of the enzyme
to determine whether there are any significant differences.
Overall, the vTopIB and ldTopIB vanadate active sites are
quite similar. Both contain a trigonal bipyramidal vanadium
complex that mimics the expected transition state for a
concerted phosphoryl transfermechanism. As shown in Figure 4,
Tyr274-OH and O50 of the 1A residue occupy axial coordina-
tion positions around vanadium, with O30 of the +1T and the
two nonbridging oxygens in equatorial positions. Arg130 and
Arg223 are symmetrically arranged around the vanadium
complex, with each side chain forming hydrogen bonds via their
N3 and Nh hydrogens to coordinated oxygen atoms. Arg130
interacts with O50 and O2 (corresponding to OP2, the pro-Rp
nonbridging oxygen), whereas Arg223 interacts with the
Tyr274 oxygen and O1. Lys167 hydrogen bonds to both O50
and to O2 of the +1T residue. Each of these active site residues
is further anchored by a series of additional hydrogen bonds
involving solvent, protein, and DNA atoms, shown schematically
in Figure 4B.
The striking correspondence between the positioning of active
site residues in the ldTopIB-DNA transition state mimic and the
interactions inferred from extensive biochemical studies of
vaccinia virus TopIB has been recently summarized by Yakov-Structure 18, 127leva et al. (2008). For example, the contacts to O1 and O2
observed in the structure agree nicely with the results from
biochemical experiments involving nonbridging phosphorothio-
late and methylphosphonate substitutions (Stivers et al., 2000;
Tian et al., 2005). Most of the active site residues form identical
hydrogen-bonding interactions in the vTopIB-DNA complex
described here, further supporting the earlier biochemical
studies. Most of the hydrogen-bonding interactions to oxygen
atoms in coordination around vanadium have nearly ideal
hydrogen-bonding distances, as summarized in Figure S2. The
exception is the Arg223-to-Tyr274 hydrogen bond, where the
Nh2-O distance is slightly longer, at 3.3 A˚.
One important difference between the vTopIB and ldTopIB
transition state active sites is the conformation of His265. In
the vTopIB-DNA complex, the d-nitrogen of His265 hydrogen
bonds to O1 and the 3-nitrogen accepts a hydrogen bond from
Ser270. Thus, the a10a helix (which contains Ser270) plays
a role in positioning two catalytic residues in the active site:
His265 and Tyr274. In the ldTopIB-DNA active site, the corre-
sponding active site histidine adopts an alternative conformation
where N3 hydrogen bonds to O1 and Nd forms a water-mediated
hydrogen bond to the conserved serine (not shown). This config-
uration involvesmore than simply a rotation of the imidazole ring;
the entire side chain adopts a distinct conformation in order to
make the appropriate interactions.
We were particularly interested in examining the solvent struc-
ture in the vTopIB active site. An active site water has been impli-
cated as the functional group responsible for accepting a proton
from the catalytic tyrosine during cleavage in hTopIB (Redinbo
et al., 1998), and various networks of solvent molecules have
been observed in the active sites of other TopIB-DNA complexes
(Davies et al., 2006; Perry et al., 2006). As expected, we observe
a water molecule (W1) hydrogen bonded to Tyr274-OH whose
position corresponds to the water molecule previously reported–137, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 131
Figure 4. Active Site of the vTopIB-DNA Transition State Mimic
(A) Stereo diagram showing the five conserved active site residues and three water molecules most closely associated with the reaction center. The three water
molecules and Lys167 form a chain linking Tyr274 and O50 of the 1Ade residue.
(B) Schematic of the active site showing all of the hydrogen-bonding interactions made by the residues in (A). Solvent molecules are indicated by red and gray
circles. See Figure S2 for a comparison of active site hydrogen-bonding distances for the noncovalent, covalent, and transition state mimic structures.
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ordered water molecules (W2 and W4) within somewhat longer
hydrogen-bonding distance of Lys167, where W2 also hydrogen
bonds to nonbridging oxygen O2 and W4 hydrogen bonds to O2
of +2T.
An additional molecule (W3) bridges between W1 and W2,
completing a chain of water molecules that connects Tyr274-
OH and 1A-O50 through Lys167. This water network provides
a plausible pathway formovement of protons between the nucle-
ophile and leaving group during catalysis of cleavage and liga-
tion. A water in a similar position as W2 is present in the depos-
ited ldTopIB-DNA complex, but there is no water corresponding132 Structure 18, 127–137, January 13, 2010 ª2010 Elsevier Ltd All rto W3. The B factors of all three waters in the vTopIB-DNA
complex (W1, W2, and W3) are less than 25 A˚2, and omit maps
following random parameter shifts and refinement show clear
density for all three atoms in weighted Fo Fc and 2Fo Fc elec-
tron density maps. These water molecules are therefore likely to
be integral to the active site andmay play a role in catalysis. Each
water is further contacted by solvent molecules in a second
layer, which in turn interact with DNA, protein, and/or additional
solvent molecules (Figure 4B).
A final observation in the vTopIB-DNA active site concerns the
unusual coordination of the Lys167 Nz amino group. In addition
to the three hydrogen-bonded groups shown in Figure 4A, thereights reserved
A B Figure 5. Conformation of the 1 Sugar during TopIB
Catalysis
(A) The 1Ade sugar in the vTopIB-DNA-vanadate complex.
The backbone torsion angle g (the C30-C40-C50-O50 dihedral
angle) adopts a trans configuration, placing O50 in position
for axial coordination of vanadium and in position for hydrogen
bonding by Lys167 and Arg130. The sugar also adopts an
RNA-like C30-endo pucker.
(B) The corresponding sugar in a precleavage complex of
human TopIB (Y723F mutant) bound to DNA (PDB ID code
1A35). Here, the g angle is close to the standard value of
60 and the sugar is C20-endo. The phosphate has not yet
rotated and O50 is not in position for interaction with Lys532
and Arg488.
Structure
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the1A sugar (Figure 4B). Of the five hydrogen-bonded groups,
two are strict hydrogen-bond acceptors (Ade-O40 and Thy-O2),
two are donors or acceptors (waters), and the fifth is O50. The
hydrogen-bonding geometries are not ideal, with only the O2-
Nz-O50 angle close to tetrahedral and the two Nz-water
distances of 3.4 A˚. This arrangement presumably plays a role
in tuning the pKa of Lys167 for efficient acid and base catalysis.
A summary of hydrogen-bonding distances observed in the vTo-
pIB-DNA transition state mimic is compared to those observed
in the structures of the precleavage complex and the covalent
intermediate structures in Figure S2.
Conformation of the 1 Sugar
The 1A sugar is the leaving group during cleavage of the DNA
and is the attacking group during ligation of the DNA following
relaxation of supercoils. The conformation of this sugar is
unusual in the vTopIB and ldTopIB vanadate transition state
model structures. In DNA duplexes, the backbone torsion angles
tend to cluster around a set of standard values (Schneider et al.,
1997). For the a(P-O50), b(O50-C50), and g(C50-C40) angles, these
values are 60, 180, and +60, respectively, or (g, t, g+). As
shown in Figure 5A, the 1A sugar in the vTopIB-DNA complex
has an atypical g angle of 180, resulting in both O50 and O30
being oriented toward the minor groove. This conformation is
compared to the corresponding phosphodiester linkage in an
hTopIB-DNA precleavage complex in Figure 5B, where g  60
and O50 points toward the major groove.
In addition to the unusual backbone torsion angle, the 1A
ribose ring adopts a C30-endo sugar pucker in the vTopIB-DNA
transition state model, rather than the more commonly observed
C20-endo conformation. Thus, a conformational change
involving the scissile phosphate and the 1 sugar accompanies
attack of the phosphate by tyrosine during the cleavage reaction.
It is important to note that this conformational change is not only
a geometric requirement for formation of a penta-coordinated
transition state structure. The flipping of O50 to the minor groove
side of the DNA backbone is required in order to form hydrogen-
bonding interactions with Lys167 and Arg130, the two residues
responsible for leaving group activation during cleavage and
for nucleophile activation during ligation (Krogh and Shuman,
2000, 2002b).
The conformational changes described above could occur in
a concerted fashion upon attack by the tyrosine nucleophile.Structure 18, 127Alternatively, the DNA substrate could be reconfigured prior to
cleavage, either as a consequence of enzyme binding or as an
activation step that occurs subsequent to binding. For the TopIB
enzymes, the only structures of DNA complexes containing an
intact phosphodiester at the cleavage site are precleavage
complexes of hTopIB where a Y723F mutant was used to
prevent cleavage of the substrate (Redinbo et al., 1998, 2000).
In these structures, the sugar geometry is close to that found
in standard B-DNA, with standard abg angles of (g, t, g+) and
C20-endo pucker for the 1 sugar (e.g., as shown in
Figure 5B). These structures imply that the ground state of the
enzyme-substrate complex is not preconfigured for cleavage,
assuming that the absence of Tyr723 does not influence the
conformation of this region in the structure. Interestingly, pre-
cleavage complexes of a Cre recombinase K201A mutant
(Lys201 in Cre corresponds to vTopIB Lys167) bound to loxP
site DNA do appear to be preconfigured for cleavage, with
similar geometry for the 1 sugar as that shown in Figure 5A
for the vTopIB-DNA transition state mimic (Ghosh et al., 2007).
The stereochemistry of the1 sugar shown in Figure 5A helps
to explain why DNA-RNA hybrid substrates where the down-
stream strand is composed of ribonucleotides is efficiently
cleaved and ligated by vaccinia virus TopIB (Sekiguchi and Shu-
man, 1997). The 1 sugar adopts an RNA-like pucker during
catalysis, and there appears to be room for O20 if Asp168 is
rotated to an alternative configuration.
A Role for Asp168
Asp168 is conserved in the topoisomerase IB family but its role in
the topoisomerase reaction has previously been uncertain. In all
structures of TopIB-DNA complexes that have been determined,
this residue is inserted into the minor groove adjacent to the
cleavage site, where it contacts the1 sugar (Figure 6). The var-
iola virus TopIB D168A mutant has an unusual phenotype
(Hwang et al., 2006; Perry et al., 2006). The enzyme is defective
in relaxation of supercoiled plasmid substrates under conditions
where substrate turnover is required, but is 13-fold faster in
cleavage of suicide substrates and 5-fold faster in ligation
compared to the unsubstituted enzyme. The loss of Asp168
results in an increase in DNA-binding affinity, which inhibits
product release and is responsible for the low activity observed
in plasmid relaxation assays. The vTopIB D168A mutant also
generates a 3-fold greater fraction of covalent intermediate in
equilibrium assays than does the wild-type enzyme, which may–137, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 133
Figure 6. A Role for Asp168 in Strand Ligation
Asp168 makes short van der Waals or CH-O hydrogen-bonding contacts to
the –1 and +2 sugars located on opposite faces of the minor groove. The
b7-b8 loop is anchored to the upstream DNA via four distinct interactions
involving the backbone and side chain of Asp168 and the side chain of
Lys167. Lys167 and Asp168 in turn provide a docking surface for the1 sugar,
where interactions with the ribose ring and O50 may promote a favorable
conformation for efficient ligation. Asp168 contacts several ribose ring atoms
with distances of <3.5 A˚; the closest contacts are shown.
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et al., 2006). Asp168 therefore has a negative effect on DNA-
binding affinity and a negative effect on the absolute rates of
cleavage and ligation in the TopIB reaction, but shifts the balance
between cleavage and ligation so as to favor the ligated state.
Asp168 occupies a nearly identical position in most TopIB-
DNA complexes, with only small changes in the orientation of
the carboxylate group. The ionization state of this side chain in
the TopIB-DNA structures is not known. We refer to it here as
a carboxylate, although it is possible that its local environment
stabilizes the carboxyl form. In each structure, the Asp side chain
makes a water-mediated hydrogen bond with N3 of +1A on the
uncleaved strand. In the vTopIB and ldTopIB transition state
structures, however, Asp168 also forms bridging interactions
between sugars on opposite faces of the minor groove. On one
face, there are close contacts between a carboxylate oxygen
and carbon atoms in the 1A sugar. On the other face of the
minor groove, the second carboxylate oxygen contacts carbon
atoms in the +1 sugar of the uncleaved strand. These interactions
are shown for the vTopIB-DNA transition state mimic in Figure 6.
The oxygen-carbon distances involved in the Asp168 bridging
interaction are closer than one might expect for van der Waals
contacts. For example, the distances to C10 and C20 of the 1
sugar shown in Figure 6 are 3.25 and 3.15 A˚, respectively. Simi-
larly, the distances to C40 and C50 of the +1 sugar are 3.4 and
3.2 A˚. A similar set of contacts exists in the deposited ldTopIB-
DNA transition state complex (Davies et al., 2006), although the
C40 and C50 distances are somewhat longer (3.4–3.5 A˚). We
assume that these close oxygen-carbon contacts are weak
CH-O hydrogen bonds, which are thought to make small but
important energetic contributions to a variety of molecular inter-
faces (Mandel-Gutfreund et al., 1998; Wahl and Sundaralingam,
1997).134 Structure 18, 127–137, January 13, 2010 ª2010 Elsevier Ltd All rTo determine whether this type of Asp-DNA interaction has
been previously observed, we searched the Protein Data Bank
(PDB) for protein-dsDNA complexes that contain Asp carbox-
ylate-DNA contacts closer than 3.5 A˚. We found that Asp
contacts to the sugar-phosphate backbone are relatively
common, although most complexes have at most one or two
such interactions. Of the 1176 complexes examined, 243 entries
(20%) contain Asp carboxylate-sugar contacts. Of these, 83
make contacts using both carboxylate oxygen atoms, but
most of these are made to the same or adjacent sugars. Only
three entries contain a bridging interaction of the type shown in
Figure 6; two of these are hTopIB-DNA complexes (PDB ID co-
des 1EJ9 and 1K4S) and the third is the ldTopIB-DNA transition
state mimic (PDB ID code 2B9S). In each case, conserved
Asp533 (human) or Asp168 (poxvirus) is responsible. Thus, the
bridging Asp-minor groove interaction shown in Figure 6
appears to be unique to the type IB topoisomerases.
The precise function of Asp168 in the topoisomerase reaction
is not yet understood in detail, but the properties of the vTopIB
D168A mutant strongly imply a role in promoting ligation. The
views presented in Figures 5 and 6 suggest a model for how
Asp168 might assist in ligation of the broken DNA strand. A
crucial step in this process is the proper positioning of the 1
residue, which requires docking the downstream duplex into
the correct position and orientation to restore base stacking
and helical phase with respect to the upstream duplex. In addi-
tion, however, the 1 sugar must adopt the correct geometry
for nucleophilic attack on the 30-phosphotyrosine linkage. In
the absence of Asp168 and Lys167, it is likely that a larger
number of alternative, unproductive conformations of this sugar
would be readily accessible. As shown in Figure 6, the close
CH-O contacts made by Asp168 strongly influence the sugar
ring position and Lys167 influences the torsion angle about the
C40-C50 bond. Together, these residues are likely to play impor-
tant structural roles in positioning O50 for nucleophilic activation
and attack.
It is also interesting to note that the b turn that provides Lys167
and Asp168 is anchored to the upstreamDNA duplex (base pairs
+1 and up) via a backbone amide-phosphate interaction,
hydrogen-bonding interactions to the +1 base (via Lys167),
and both water-mediated hydrogen bonds to the +1 base and
van der Waals interactions with the +1 sugar (via Asp168). All
of these interactions are shown in Figure 6. We suggest that
together, the upstream duplex and this conserved b turn form
a docking surface that promotes the precise reengagement of
the downstream duplex that is required to efficiently seal the
broken strand during topoisomerase activity.
DISCUSSION
The mechanism of supercoil relaxation used by the type IB top-
oisomerases differs in an important way from that used by the
type IA and type II enzymes (Champoux, 2001; Wang, 1996).
For the latter, the cleavage and ligation steps of the reaction
are tightly coupled to strand passage so that a fixed change in
topology occurs for each catalytic event. In contrast, the type
IB enzymes have a finite probability of ligation occurring
following each supercoil release as the upstream and down-
stream duplexes undergo rotation relative to one another aboutights reserved
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vaccinia virus TopIB ligates highly supercoiled DNA after 20
rotations on average (Koster et al., 2005), whereas the results
from ensemble measurements with less supercoiled substrates
in solution suggest a value of 5 supercoils released per cycle
(Stivers et al., 1997). Single-molecule experiments also indicate
that the rate of rotation is slower for human TopIB than for viral
TopIB (Koster et al., 2005). This result can be rationalized by
simply comparing the structures; hTopIB has a far more exten-
sive protein framework that partially encloses both the upstream
and downstream DNA, providing a larger impediment to free
rotation. Whereas the notion of DNA rotation within an enzyme
cavity captures the essence of structural and biochemical data
for the human TopIB reaction, viral TopIB makes do with a far
less elaborate framework.
Based on initial structural models of the vTopIB-DNA
complex, it was difficult to explain how the viral TopIB enzymes
inhibit free rotation of the DNA and are able to reposition the
rotating duplex for efficient ligation. The vTopIB-DNA transition
state mimic structure described in this report contains intact
dsDNA downstream of the cleavage site and provides a frame-
work for considering how controlled rotation of the DNA is likely
to occur in the viral TopIB systems. A series of docking points
composed of a9, a10a, the N-terminal domain, and the b turn
docking surface composed of Lys167 and Asp168 appear to
be responsible for capturing the rotating downstream duplex
and positioning it for ligation. Many of the downstream DNA
contacts observed for viral TopIB are distinct from what has
been observed for the human and Leishmania TopIB enzymes.
Thus, the small TopIBs have unique strategies for controlling
strand rotation that are not simply a subset of the mechanisms
used by the larger and more complex enzymes.
One of these strategies involves a set of distal protein-DNA
contacts that requires DNA bending in order to make optimal
interactions. Because the DNA bend observed in the vTopIB-
DNA complex described here is partly a result of flexibility in
the DNA-DNA junction formed between symmetry-related
duplexes (i.e., base pairs 5 to 7 in Figure 2B), the detailed
interactions we observe are likely to differ somewhat in the
context of an extended DNA substrate that lacks a flexible junc-
tion. Indeed, an optimal a9-DNA interaction may only form when
the DNA substrate has been cleaved and the downstream
duplex is less restrained. This would be consistent with the
idea that the downstream contacts are more important during
strand rotation and ligation rather than in the precleavage state.
In addition to supporting early DNA-binding and DNaseI foot-
printing results (Shuman, 1991), the distal contacts observed in
the vTopIB-DNA structure may provide additional insight into
recent biochemical studies where an energetic coupling has
been observed between major groove interactions within the
core recognition site and interactions involving the downstream
DNA duplex (Nagarajan and Stivers, 2007). Single-atom changes
in the core sequence (e.g., replacement of N7 by carbon in the +3
or +4 guanine) can cause changes in the rate of ligation without
significantly changing the rate of cleavage. These effects have an
unexpected dependence on the length of the scissile DNA strand
downstream of the cleavage site, suggesting that downstream
interactions are somehow coupled to core site interactions in
an anticooperative manner.Structure 18, 127Although it is difficult to explain individual observations in
detail based on a snapshot of a single reaction intermediate,
the energetic coupling of upstream and downstream vTopIB-
DNA interactions can in general terms be understood based on
the work described here because downstream interactions are
clearly dependent on DNA bending that is influenced to some
extent by core site binding. In particular, a model in which strain
that prevents simultaneous optimal binding to core site and
downstream elements is relieved upon cleavage at the scissile
phosphate would be nicely explained by the current structure
and the models discussed above. We may have artificially
relieved this strain to some extent by use of a flexible DNA-
DNA junction that presumably allows closer a9-DNA contacts
than would normally be made prior to cleavage. The notion of
a competing set of downstream interactions that would be
strengthened in the cleaved state also explains how the viral
TopIB enzyme could extend the lifetime of the covalent interme-
diate in order to allow for topoisomerase activity.
The vTopIB-DNA structure described here has also provided
an opportunity to reinforce and extend the findings of Davies
et al., who recently described the structure of an ldTopIB transi-
tion state mimic (Davies et al., 2006). Both structures contain
a penta-coordinated vanadium (V) species representing an
approximation of the expected transition state structure in the
TopIB phosphoryl transfer reaction. Although the actual transi-
tion state may differ somewhat from that represented by the
vanadate complex, the differences are likely to be subtle, and
we would argue that the protein-DNA interactions represented
by the ldTopIB and vTopIB structures are strongly indicative of
the contacts responsible for promoting catalysis. For example,
both the ldTopIB and vTopIB-DNA structures strongly support
a crucial role for Arg130 in stabilization of negative charge in
the transition state. Indeed, this is the only protein residue that
contacts the nonbridging OP2 atom during catalysis. In contrast,
the nonbridging OP1 oxygen is hydrogen bonded by both
Arg223 and His265. The vTopIB structure also confirms
hydrogen bonding between Arg223 and the Tyr274 hydroxyl
group, an interaction that was also observed in the covalent
intermediate structure (Perry et al., 2006).
The nature of the interactions involving O50 have been of
particular interest in the TopIB active site. Both transition state
mimic structures support a role for Lys167 as proton donor/
acceptor for O50, and the vTopIB-DNA complex described
here further reveals a continuous network of three water mole-
cules that link nucleophile and leaving group via Lys167. This
observation is particularly interesting in the context of the tyro-
sine recombinase active site, which differs primarily by the pres-
ence of a conserved active site histidine that is not present in the
TopIB enzymes. This histidine is located in the same space that
is occupied by waters W1 and W3 in the vTopIB structure
described here, suggesting that the two alternative active site
components may play similar functional roles.EXPERIMENTAL PROCEDURES
Crystallization of vTopIB-DNA-Vanadate
Variola virus topoisomerase IB was expressed in E. coli and purified as
described (Perry et al., 2006). Three 20-deoxyoligonucleotides with sequences
50-CGGAATAAGGGCGACA-30, 50-GTGTCGCCCTT-30, and 50-ATTCC-30 were–137, January 13, 2010 ª2010 Elsevier Ltd All rights reserved 135
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chromatography at pH 12. The 5-mer was used without purification. The three
oligonucleotides were annealed to form a vTopIB-binding substrate, where the
scissile phosphodiester linkage is missing. Sodium orthovanadate (Sigma)
was activated at pH 10 as previously described (Gordon, 1991) and added
to a solution containing vTopIB and DNA. Amixture containing 127 mMvTopIB,
200 mM annealed DNA duplex, 20 mM sodium HEPES (pH 7.5), 125 mM NaCl,
and 200 mM activated sodium orthovanadate was incubated at 4C for 30 min.
Immediately prior to crystallization, spermidine was added to a final concen-
tration of 16.6 mM. vTopIB-DNA-vanadate crystals were formed by hanging-
drop vapor diffusion by mixing 1:1 with and equilibrating against a well reser-
voir of 5% polyethylene glycol (PEG) 400, 5 mM MgCl2, 5 mM CaCl2, 200 mM
NaCl, 50 mM Tris-HCl (pH 7.4). Crystals were cryoprotected by transfer into
a solution containing 5% PEG 400, 5 mM MgCl2, 5 mM CaCl2, 200 mM
NaCl, 50 mM Tris-HCl (pH 7.4), 2.5% glucose, 63.5 mM topoisomerase,
100 mM DNA, 100 mM activated sodium orthovanadate and equilibrated
against a reservoir containing 5% PEG 400, 5 mM MgCl2, 5 mM CaCl2,
200 mM NaCl, 50 mM Tris-HCl (pH 7.4), 25% glucose. Crystals were flash-
frozen in liquid nitrogen prior to data collection.
Structure Solution and Refinement
Diffraction data were measured at Advanced Light Source beamline 8.2.1 and
processed using HKL2000 (Otwinowski and Minor, 1997). Initial phases were
determined by molecular replacement using a search model composed of
the noncovalent vTopIB-DNA complex (PDB ID code 2H7G), excluding all
DNA downstream of the cleavage site and amino acid residues 240–314. Clear
electron density for the missing amino acid residues, downstream DNA, and
active site VO2 was observed in electron density maps based on initial phases.
The structure was refined using REFMAC (Murshudov et al., 1997) and model
building was performedwith O (Jones et al., 1991). Wewere not able to identify
high-resolution structures of penta-coordinated vanadium model compounds
with similar ligands as observed in the vanadate-DNA linkage. We therefore
used the structure of potassium metavanadate monohydrate (Christ et al.,
1954) as the basis for structural restraints of the vanadate linkage during refine-
ment. In that structure, vanadium is coordinated by five oxygen atoms in a dis-
torted trigonal bipyramid. V-O bond lengths range from 1.63 to 1.99 A˚, with
trigonal geometry for the equatorial oxygens. A series of restraints for the vTo-
pIB-DNA complex were examined where target values for V-O bond lengths
were varied from 1.6 to 2.0 A˚, with a large s value of 0.2 A˚. The values of the
V-O bond lengths varied only slightly following these trial refinements, indi-
cating that the refined structure is not strongly influenced by the values of
the restraints employed in the refinement. The final structure was obtained
following refinement with V-O bond distances restrained to 1.8 A˚ (the average
in potassium metavanadate), with s = 0.2 A˚. Coordinates for the refined struc-
ture have been deposited in the Protein Data Bank under ID code 3IGC.
Database Searches
Structure searches of the Protein Data Bank were performed using a local
copy of the PDB containing released entries up toMay 2009 and locally written
searching software. Only entries containing protein bound to double-stranded
DNA were examined.
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